Abstract. We have reported that facilitation of central histaminergic activity prevents the development of ischemia-induced brain injury. Since cerebral edema is a major cause of brain damage, we studied effects on brain edema of postischemic administration of L-histidine, a precursor of histamine, and thioperamide, a histamine H 3 -receptor antagonist, both of which enhance central histaminergic activity. Focal cerebral ischemia for 2 h was provoked by transient occlusion of the right middle cerebral artery in rats, and the water content and infarct size were determined 24 h after reperfusion. Changes in the extracellular concentration of histamine were examined in the striatum by a microdialysis procedure, and effects of these compounds were evaluated. Repeated administration of L-histidine (1000 mg / kg × 2, i.p.), immediately and 6 h after reperfusion, reduced the increase in the water contents in ischemic regions. Simultaneous administration of thioperamide (5 mg / kg, s.c.) with L-histidine (1000 mg/ kg, i.p.) completely prevented edema formation and alleviated brain infarction, although a single dose of L-histidine, immediately after reperfusion, showed no benefits. The striatal histamine level was gradually increased after reperfusion as well as during ischemia. Simultaneous administration of thioperamide with L-histidine markedly increased the brain histamine concentration, and the value increased up to 230% of that in the saline group 5 -6 h after reperfusion. L-Histidine alone did not affect the increase in the histamine output after ischemia. These findings suggest that further activation of the central histaminergic system after initiation of cerebral ischemia prevents development of ischemia-induced brain edema.
Introduction
Cerebral edema, which results in elevation of intracranial pressure, compartmental shifts, and compression of vital brain structures, is a major cause of death in patients with stroke or traumatic brain injury (1 -3) . In cerebral ischemia, energy depletion depolarizes neuronal membrane due to failure of ion pumps, resulting in huge influx of Na + and Ca 2+ into neurons (4, 5) . Excess release of glutamate in ischemia also causes influx of Ca 2+ and Na + into neurons through agonist-gated Ca 2+ and Na + channels (6) . After reperfusion of cerebral blood flow, the high concentration of Na + in the intracellular space induces water entry into neurons. Additionally, inflammatory reactions and immune responses provoked by ischemia contribute to the development of brain edema.
Histamine is a biogenic amine that plays an important role in inducing anaphylactic responses such as bronchospasm and hypotensive shock. Infusion of histamine has been reported to enhance capillary penetration and increase the cortical water content (7, 8) , suggesting detrimental effects of the agent on ischemia-induced brain edema. In our previous studies, however, massive administration of L-histidine, a precursor of histamine, after reperfusion improved the morphologic outcome caused by occlusion of the middle cerebral artery (9 -11) . Simultaneous administration of thioperamide, a histamine H 3 receptor-antagonist, showed synergistic effects on the improvement (12, 13) . Because blockade of histamine H 3 receptors facilitates synthesis and release of histamine in the central histaminergic system (14 -16) , facilitation of central histaminergic activity may contribute to the improvement. The protective effect of central histamine may be associated with inhibition of cell-mediated cytotoxicity because the treatment suppressed leukocyte infiltration caused by ischemia (17) . Since inflammatory reactions induce brain edema as well as morphologic damage, it is likely that facilitation of central histaminergic activity may ameliorate brain edema.
In the present study, therefore, we evaluated effects of L-histidine and thioperamide on brain histamine levels and correlated them to the brain water content. For these purposes, we employed an animal model of middle cerebral artery occlusion, which provokes cerebral infarction in the striatum and surrounding cerebral cortex.
Materials and Methods

Animals
This study was approved by the Committee on Animal Experimentation at Ehime University Graduate School of Medicine, Ehime, Japan. All animals received humane care in compliance with the Principles of Laboratory Animal Care formulated by Ehime University Graduate School of Medicine.
Male Wistar rats (Clea Japan, Tokyo), weighing 300 -350 g, were housed in groups in a room controlled at 23 ± 2°C and maintained in an alternating 12-h light and 12-h dark cycle (lights automatically on at 6 a.m.).
Experiment 1: effects of repeated administration of Lhistidine
Twenty-one rats were allocated to one of three groups; the intact group (n = 6), saline-injected control group (n = 7), and L-histidine (1000 mg / kg × 2)-injected group (n = 8). All animals except in the intact group were anesthetized with 2% halothane in balanced 50% oxygen and 50% nitrous oxide, and they breathed spontaneously. The right middle cerebral artery was occluded according to an animal model of focal cerebral ischemia as described by Koizumi et al. (18) . With the rats in the supine position, the skin was incised along the median line of the neck, and the right common carotid artery was exposed. The thermocouple probe was inserted into the rectum to maintain rectal temperature. After administration of heparin (100 units, s.c.), the root of the right middle cerebral artery was occluded by insertion of a silicone-coated 4⋅0 nylon thread from the bifurcation of the internal and external carotid arteries. The tip of the thread was placed 18-mm distal from the bifurcation. After the surgical incision was sutured, animals were allowed to recover from anesthesia. During surgery, the rectal temperature was maintained at 37.0 ± 0.1°C with a heating lamp. All rats showed paralysis of the contralateral limbs after recovery from anesthesia.
Animals were anesthetized again 5 min before reperfusion of blood flow. After the skin was reopened, cerebral blood flow was resumed 2 h after middle cerebral artery occlusion by pulling the thread by 5 mm. Then, the surgical incision was sutured again, and the animals were injected with saline or L-histidine (1000 mg / kg, i.p.). After recovery from anesthesia, the animals were allowed access to food and water ad libitum. The drug administration was repeated 6 h after reperfusion.
According to a neurological scoring method as described by Bederson et al. (19) , neurological deficit was evaluated 1 h after initiation of cerebral ischemia and 1, 2, 4, and 24 h after reperfusion of cerebral blood flow. The signs of hemiparesis and postural reflex were analyzed as follows: 1) Forelimb flexion: rats were held by the tail suspended above the floor. Paralysis of forelimbs was evaluated by the degree of flexion. 2) Lateral push: rats were placed on a large sheet of plastic coated paper and pushed laterally. Resistance was evaluated. 3) Circling behavior: rats were allowed to move freely. Circling toward the paretic side consistently was evaluated. The scores were categorized according to four grades (0, normal; 1, moderate; 2, considerable; 3, severe). The neurological evaluation was performed by an investigator kept unaware of the treatment condition.
Twenty-four hours after reperfusion of cerebral blood flow, the animals were anesthetized with 2% halothane in balanced 50% oxygen and 50% nitrous oxide for a few minutes and decapitated. The brains were rapidly removed and dissected into three regions, the hippocampus, striatum, and cerebral cortex, in each hemisphere, respectively. First, the whole hippocampus and striatum on each side were dissected. Then, the brain was cut along the coronal planes at the optic chiasm and the caudal edge of the mammillary body. The dorsal portions of the cerebral cortex on both sides were cut from the sulcus rhinalis between these cut planes. The tissues were dried at 80°C for 8 h. The water content was calculated according to the following equation: % water content = 100 × (wet weight − dry weight) / wet weight.
Experiment 2: effects of L-histidine and thioperamide Thirty rats were allocated to one of four groups: the intact group (n = 6), saline-injected control group (n = 8), L-histidine (1000 mg/ kg)-injected group (n = 8), and L-histidine (1000 mg/ kg) plus thioperamide (5 mg / kg)-injected group (n = 8). All animals except in the intact group were subjected to transient occlusion of the right middle cerebral artery for 2 h, and the animals were injected with saline or L-histidine (1000 mg / kg, i.p.) immediately after reperfusion of cerebral blood flow. Animals in the histidine plus thioperamide group were simultaneously injected with thioperamide (5 mg / kg, s.c.). The water content and neurological deficit were evaluated as described in Experiment 1.
Experiment 3: microdialysis and infarct volume
Thirty-two rats were divided into three groups: the saline-injected control group (n = 11), L-histidine (1000 mg / kg)-injected group (n = 11), and L-histidine (1000 mg / kg) plus thioperamide (5 mg / kg)-injected group (n = 10).
In this experiment, a microdialysis probe was inserted before surgery for occlusion of the right middle cerebral artery. After induction of anesthesia, the animal was placed in a stereotaxic apparatus in the prone position. Then, the skull was exposed, and a small burr hole was drilled in the right hemisphere (0.25-mm anterior and 4.0-mm lateral to the bregma) for insertion of a microdialysis probe. An I-shaped microdialysis probe (A-I-8-03; Eicom, Kyoto) was inserted into the right striatum (8.0-mm below the skull surface) through the burr hole. The probe was fixed to the skull with dental cement and glue using a stainless-steel screw. The probe was perfused with Ringer's solution at 2 μl / min.
With the rat in the supine position, the thermocouple probe was inserted into the rectum and the right middle cerebral artery was occluded for 2 h as described above. During ischemia, the rectal temperature was maintained at 37.0 ± 0.1°C under anesthesia with a heating lamp. Then, brain perfusates were collected every 60 min into microtubes on ice and stored at −80°C until analysis. After reperfusion of cerebral blood flow, the surgical incision was sutured, and each agent was administered as described in Experiment 2. After recovery from anesthesia, the animal was allowed to move freely in a box. All rats showed paralysis of the contralateral limb. Two samples were collected during ischemia, and six samples were collected after reperfusion of blood flow. After collecting samples, the microdialysis probe was removed under halothane anesthesia, and the animals were allowed access to food and water ad libitum.
The animals that underwent 24 h of reperfusion were anesthetized with sodium pentobarbital (50 mg / kg, i.p.). Then, the brain was transcardially perfused with saline, and the animal was decapitated. The brain was rapidly removed and rinsed in saline. Brain slices, 2-mm-thick, between the coronal planes at the optic chiasm and caudal edge of the mammillary body were incubated for 30 min with 2% 2,3,5-triphenyltetrazolium chloride in 0.1 M phosphate buffer (pH 7.4) at 37°C. 2,3,5-Triphenyltetrazolium chloride is reduced by dehydrogenase enzymes, which exist in viable cells, resulting in a formazan precipitate, thereby turning the tissue a deep red color. In contrast, the nonviable cells in the infarcted area show a pale gray color with this procedure. The tissue was stored overnight in 10% formalin. The infarct size was then determined using computer-aided planimetry by an investigator who was unaware of the particular treatment group.
The histamine and L-histidine concentrations in dialysates were determined by an ion-pair highperformance liquid chromatography coupled with postcolumn fluorescent derivatization (20) .
Experiment 4: cytokines and malondialdehyde (MDA)
Eighty-two rats were allocated to one of ten groups: one intact group (n = 10), three saline-injected control groups (n = 8 in each), three L-histidine (1000 mg/ kg)-injected groups (n = 8 in each), and three L-histidine (1000 mg / kg) plus thioperamide (5 mg / kg)-injected groups (n = 8 in each). All animals except in the intact group were subjected to transient occlusion of the right middle cerebral artery for 2 h, and each agent was administered immediately after reperfusion as described in Experiment 2. Each subdivided group in the three groups was examined 1, 2, or 4 h after reperfusion of cerebral blood flow, respectively.
After pentobarbital anesthesia, blood samples (5 ml each) were collected from the inferior vena cava at each corresponding time point. Using 1.5 ml of the blood sample, the numbers of blood cells were determined by routine laboratory procedures. The remaining blood sample was centrifuged at 1000 × g for 10 min at 4°C, and serum was apportioned into small aliquots and stored at −20°C until analysis. Serum interleukin (IL)-1β, IL-8, IL-10, and IL-12 were quantitated using the following specific enzyme-linked immunosorbent assay kits: IL-1β, IL-10, and IL-12 (BioSource International, Camarillo, CA, USA) and IL-8 (Mitsubishi Chemical Safety Institute, Kumamoto).
After the blood samples were collected, the brains were perfused with saline, and the animals were decapitated. The brains were placed on ice and cut along the coronal planes at the optic chiasm and caudal edge of the mammillary body. Then, the brain samples in each hemisphere between the two coronal planes were frozen in liquid nitrogen and stored at −80°C until analysis. Each sample was homogenized in 4 volumes of 10 mM phosphate buffer (pH 7.4). The concentration of MDA in homogenates was determined by a Bioxytec MDA-586 kit (Oxis Research, Portland, OR, USA).
Experiment 5: superoxide dismutase (SOD)
Twenty-nine rats were allocated to one of four groups: the intact group (n = 5), saline-injected control group (n = 8), L-histidine (1000 mg/ kg)-injected group (n = 7), and L-histidine (1000 mg / kg) plus thioperamide (5 mg / kg)-injected group (n = 9). All animals except in the intact group were subjected to transient occlusion of the right middle cerebral artery for 2 h, and each agent was administered immediately after reperfusion.
Twenty-four hours after reperfusion of cerebral blood flow, the brain samples were collected and stored as described in Experiment 4. Each sample was homogenized in 4 volumes of 10 mM phosphate buffer (pH 7.4) and centrifuged at 78,000 × g for 60 min at 4°C. The supernatant was used for assay to determine SOD activity by SOD Assay Kit-WST (Dojindo Laboratories, Kumamoto).
Statistical analyses
The data from the microdialysis experiments were evaluated by repeated measures analyses of variance followed by Fisher's protected least-squares difference tests. The data from the neurologic score were analyzed by Kruskal-Wallis tests. The data from the other experiments were evaluated by Fisher's protected least-squares difference tests.
Results
Brain edema
In the saline-injected control group, transient focal ischemia for 2 h markedly increased the water contents in the cerebral cortex and striatum on the ischemic side 24 h after reperfusion, and the water contents in these regions were higher than those on the contralateral side (Table 1 ). In the hippocampus, there was no difference in the water content between both hemispheres. Repeated treatments with L-histidine (1000 mg / kg × 2), immediately and 6 h after reperfusion, reduced the increase in the water contents in the cerebral cortex and striatum on the ipsilateral side.
When L-histidine (1000 mg / kg) was administered once immediately after reperfusion, the increased water contents on the ipsilateral side were not reduced The right middle cerebral artery was occluded for 2 h, and the brain water content was determined by dry weight methods 24 h after reperfusion. The animals were injected with saline or L-histidine twice, immediately and 6 h after reperfusion (1000 mg/kg, i.p., each). Each value represents the mean ± S.D. for 6 -8 animals. *P<0.05, **P<0.01, as compared with the ischemia + saline group. The right middle cerebral artery was occluded for 2 h, and the brain water content was determined by dry weight methods 24 h after reperfusion. The animals were injected with saline, L-histidine (1000 mg/kg, i.p.), or thioperamide (5 mg/ kg, s.c.) immediately after reperfusion. Each value represents the mean ± S.D. for 6 -8 animals. *P<0.01, as compared with the ischemia + saline group.
( Table 2 ). Simultaneous administration of thioperamide with L-histidine completely reduced the water contents in the cerebral cortex and striatum on the ipsilateral side, and the values were almost similar to those on the contralateral side.
Neurologic score During ischemia, there was no significant difference in the neurologic score among the groups (Fig. 1) . After reperfusion of cerebral blood flow, alleviation of the neurologic score was not observed in any group during the experimental period. The recovery of the neurologic score by repeated treatments with L-histidine was not shown (P = 0.066 at 24 h after reperfusion). Likewise, the effect of L-histidine plus thioperamide on the neurologic score was not significant (P = 0.051 at 2 h after reperfusion) (Fig. 2) .
Microdialysis
The histamine concentration in dialysates gradually increased during ischemia (Fig. 3A) . After reperfusion of cerebral blood flow, elevation of the histamine concentration was observed in all groups, and the level continued to increase until the end of the experiment. There was no significant difference in the increase in the histamine level between the saline-injected and Lhistidine-injected groups. The histamine level in the Lhistidine plus thioperamide group increased markedly, and the magnitude of the increase was greater than that in the saline group. The value in the L-histidine plus thioperamide group attained 230% of that in the saline group 5 -6 h after reperfusion.
The L-histidine concentration increased immediately after L-histidine administration (Fig. 3B) . The L-histidine levels in the L-histidine and L-histidine plus thioperamide groups reached peak values 1 -2 h and 3 -4 h after reperfusion, values being 9.7 and 8.2 times that in the saline group, respectively. Then, the levels decreased gradually. No remarkable change was observed in the L-histidine level of the saline group.
Infarct volume
Focal cerebral ischemia for 2 h provoked brain infarction in the striatum and surrounding cerebral cortex in all animals (Fig. 4 ). There were no significant differences in the infarct volume between the saline and L-histidine groups. Administration of thioperamide with L-histidine reduced the infarct volume in both the striatum and cerebral cortex, and the values were 60% and 53%, respectively, of those in the saline-injected control animals.
Blood cell counts
In the saline group, there were no changes in parameters of red blood cells and platelets at any time point examined. No differences were found in these parameters between the saline and L-histidine groups (Table 3 ). In the L-histidine plus thioperamide-injected group, the number of red blood cells, hemoglobin, hematocrit, and the number of platelets increased 1 h Fig. 1 . after reperfusion. However, these increases were not found 2 and 4 h after reperfusion.
The number of leukocytes increased 4 h after reperfusion in all groups. The percentage of polymorphonuclear leukocytes increased and that of mononuclear leukocytes decreased after reperfusion in all groups. The percentage of polymorphonuclear leukocytes in the Lhistidine and L-histidine plus thioperamide groups was greater than that in the saline group 4 h after reperfusion. In contrast, the percentage of mononuclear leukocytes in these two groups was lower than that in the saline group.
Serum concentrations of cytokines
No significant differences in the serum concentration of IL-1β were found among three groups because of the large variations of the data (Fig. 5A) . The IL-8 concentrations were low in all groups 1 -2 h after reperfusion (Fig. 5B) , and there were no significant differences among three groups.
The IL-10 concentrations were high in all groups 1 h after reperfusion (Fig. 5C) . Then, the level gradually decreased 2 -4 h after reperfusion. In the L-histidine plus thioperamide group, however, the level remained high 4 h after reperfusion. The concentration of IL-12 did not differ among three groups (Fig. 5D ).
MDA
The MDA concentration in the brain tissue in intact animals was 2.69 ± 0.35 nmol / g on the left side and 2.71 ± 0.15 nmol / g on the right side, respectively (n = 4). In rats subjected to transient ischemia, the MDA concentration increased in all groups on both the ipsilateral and contralateral sides 1 -4 h after reperfusion, and no significant difference in the MDA level was found between both sides (Fig. 6) . Neither treatment affected the MDA level on either side at any time point examined.
SOD
In the saline group, activity of SOD in the brain tissue on the ipsilateral side was lower than that on the contralateral side, the value being 79% of that on the contralateral side (Fig. 7) . Likewise, SOD activity on the ipsilateral side in the L-histidine group was 83% of that on the contralateral side. However, no marked decrease was found in SOD activity on the ipsilateral side in the L-histidine plus thioperamide group. When SOD activity on the ipsilateral side was compared, no significant difference was observed among the three groups.
Discussion
Simultaneous administration of thioperamide with L-histidine reduced the size of brain infarction, although L-histidine alone provided no benefits. Concerning the effects on brain edema, the concurrent treatment dramatically reduced the water content as well as the The value of intact animals was 664 ± 32 (n = 10).
Hemoglobin (g/dl)
Ischemia + saline (n = 8) 13.9 ± 0.9 14.3 ± 0.4 14.4 ± 0.5
Ischemia + L-histidine (n = 8) 13.8 ± 0.3 14.2 ± 0.6 14.7 ± 0.9
Ischemia + L-histidine + thioperamide (n = 8) 14.7 ± 0.6* 14.8 ± 1.0 14.5 ± 0.6
The value of intact animals was 13.8 ± 0.5 (n = 10).
Hematocrit (%)
Ischemia + saline (n = 8) 44.1 ± 2.9 45.1 ± 1.6 46.6 ± 1.5
Ischemia + L-histidine + thioperamide (n = 8) 47.9 ± 2.7** 47.7 ± 3.9 46.5 ± 2.1
The value of intact animals was 44.4 ± 1.7 (n = 10). The value of intact animals was 6340 ± 1090 (n = 10).
Polymorphonuclear leukocytes (%)
Ischemia + saline (n = 8) 54 ± 13 68 ± 9 7 0 ± 5 Ischemia + L-histidine (n = 8) 61 ± 9 7 0 ± 12 76 ± 6* Ischemia + L-histidine + thioperamide (n = 8) 57 ± 8 7 1 ± 9 7 9 ± 7** The value of intact animals was 25 ± 10 (n = 10).
Mononuclear leukocytes (%)
Ischemia + saline (n = 8) 45 ± 13 29 ± 9 2 8 ± 5
Ischemia + L-histidine (n = 8) 38 ± 9 2 8 ± 12 22 ± 5* Ischemia + L-histidine + thioperamide (n = 8) 41 ± 8 2 8 ± 9 1 9 ± 6**
The value of intact animals was 74 ± 10 (n = 10).
Platelets (×10 4 /μl)
Ischemia + saline (n = 8) 100 ± 9 1 0 2 ± 4 9 9 ± 9 Ischemia + L-histidine (n = 8) 100 ± 7 1 0 3 ± 6 1 0 2 ± 12
Ischemia + L-histidine + thioperamide (n = 8) 112 ± 7** 103 ± 10 103 ± 11
The value of intact animals was 103 ± 6 (n = 10).
The right middle cerebral artery was occluded for 2 h, and physiologic variables were determined 1, 2, and 4 h after reperfusion. The animals were injected with saline, L-histidine (1000 mg /kg, i.p.), or thioperamide (5 mg /kg, s.c.) immediately after reperfusion. Each value represents the mean ± S.D. for 8 animals. *P<0.05, **P<0.01, as compared with the ischemia+saline group.
size of infarction. Likewise, repeated administration of L-histidine showed alleviation of brain edema. These findings are in good agreement with our previous results on the infarct size (11, 12) . Although the half-life of thioperamide in plasma is about 30 min (21), the brain concentration of the agent has been shown to remain high for 6 h due to its high affinity for the lipophilic tissue (22, 23) . A long-lasting activation of the central histaminergic system may contribute to the protection. In our previous studies that employed a rat model of permanent occlusion of the middle cerebral artery, we observed a gradual increase in the brain concentration of histamine (24, 25) . In the present study, the increase in the histamine concentration in dialysates continued in the saline group after reperfusion of cerebral blood flow as well as during ischemia. Facilitation of histaminergic activity may last long, once the brain is exposed to ischemia.
Histamine exists in at least two classes of cellular stores in the mammalian brain (26, 27) . One is neuronal histamine, and the other is mast cell histamine. Neuronal histamine turns over rapidly, with a half-life of less than 1 h, while mast cell histamine turns over slowly, with a half-life of several days. (S)α-Fluoromethylhistidine is a specific and irreversible inhibitor of L-histidine decarboxylase, which generates histamine from Lhistidine. Since the turnover rate of neuronal histamine is rapid, (S)α-fluoromethylhistidine depletes histaminergic neurons of their histamine within the first few hours after treatment. In our previous studies, preischemic administration of (S)α-fluoromethylhistidine completely abolished the ischemia-induced increase in the brain histamine (24, 25) . Therefore, the increased level of histamine in cerebral ischemia is regarded to be neuronal in origin. Recently, immunohistochemical analysis on the neonatal brain has revealed that hista- mine accumulates in neurons in the core of the infarct 6 -12 h after 50-min ischemia (28) . The histaminergic system may be activated in either neonatal or mature brains, at least, for 12 h after reperfusion.
In the present microdialysis experiment, administration of L-histidine did not exert an influence on the increase in the histamine concentration caused by ischemia, and the increase in the histamine concentration was enhanced by concurrent administration of thioperamide. On the other hand, L-histidine (1000 mg / kg) increased the histamine concentration to about twice that of the basal level in the physiologic condition, and the extent of the increase was similar in L-histidine-treated animals with or without thioperamide (12) . These differences may be caused by suppression of L-histidine decarboxylase activity by autoinhibition through presynaptic histamine H 3 receptors. Because the extracellular concentration of histamine is rather high during ischemia / reperfusion, activity of L-histidine decarboxylase may be suppressed moderately by histamine H 3 action. Therefore, the Lhistidine loading did not affect the histamine level in microdialysates, whereas histamine H 3 blockade by thioperamide markedly increased the histamine level.
Thioperamide blocks H 4 receptors as well as H 3 receptors. Histamine H 4 -receptor stimulation has been shown to block production of IL-12, a potent Th1-driving monokine, and suppress cell-mediated immune responses (29, 30) . Since histamine H 4 -receptor stimulation alleviates reperfusion injury in the rat liver (31, 32) , H 4 blockade seems to aggravate ischemia-induced brain damage. In the present study, however, thioperamide did not aggravate ischemic brain damage. Conversely, the agent enhanced the protective effects of L-histidine. Therefore, histamine H 4 action may not be related to the outcome in the brain.
Peroxidation of the lipid bilayer, which damages the cell membrane, is a contributing factor in the development of reperfusion injury. L-Histidine is considered to be an antioxidant, and antioxidants possess protective effects against ischemia-induced brain injury. An Lhistidine analogue has been demonstrated to suppress neuronal damage and improve functional outcome in a mouse model of focal ischemia (33) . The agent also protected cultured rat primary neurons against oxidative and hypoxic injury (33) . However, since the treatment with L-histidine did not suppress formation of MDA in the early phase of reperfusion, the protective effect of L-histidine may not be attributed to antioxidant property in the present animal model of ischemia. Likewise, other free radical scavengers, such as SOD and catalase, have been reported to fail to improve the outcome caused by cerebral ischemia, even when administered before ischemia (34) . Hence, it is unlikely that postischemic administration of antioxidants provide benefits to an extent sufficient to improve the outcome. In the present study, the MDA level increased in the contralateral hemisphere as well as in the ipsilateral hemisphere. 7 . Effects of L-histidine and thioperamide on activity of superoxide dismutase (SOD). The right middle cerebral artery was occluded for 2 h. After reperfusion of cerebral blood flow, saline (n = 8), L-histidine (1000 mg /kg, i.p.) (n = 7), or L-histidine (1000 mg/kg, i.p.) plus thioperamide (5 mg /kg, s.c.) (n = 9) was administered. SOD activity was determined 24 h after reperfusion in these animals and intact animals (n = 5). Each value represents the mean ± S.D. *P<0.05, as compared with the value on the contralateral side. C, contralateral (nonischemic) side; I, ipsilateral (ischemic) side; L, left side; R, right side; S, saline; H, L-histidine; T, thioperamide.
Although the detailed mechanism responsible for the increase on the non-ischemic side is not elucidated, increases in the MDA level on both sides have been reported in another study (35) .
In the present study, concurrent administration of thioperamide with L-histidine preserved SOD activity in the ischemic hemisphere, while the activity decreased in the other groups. This seems to be caused by preservation of the endogenous scavenging system due to Lhistidine that neutralizes oxygen-free radicals. However, SOD activity was preserved only in the L-histidine plus thioperamide group, although doses of L-histidine as an antioxidant were identical in the two groups with or without thioperamide. Because the brain was examined 24 h after reperfusion, it is highly probable that the difference in SOD activity was simply due to the difference in the amount of viable tissue.
Leukocyte infiltration plays a crucial role in the development of reperfusion injury. Adhesion of neutrophils to the endothelium disturbs the microcirculation, and released substances from neutrophils, such as reactive oxygen species and proteolytic enzymes, aggravate cerebral edema (36 -38) . In our previous study, in which immunohistochemical procedures were employed, facilitation of central histaminergic activity suppressed inflammatory cell recruitment after ischemic events possibly through histamine H 2 receptors (17). Furthermore, there are studies that showed amelioration of reperfusion injury by postischemic administration of immunosuppressants, such as cyclosporine A and tacrolimus. Therefore, suppression of cell-mediated cytotoxicity during reperfusion may be a predominant mechanism underlying amelioration.
We found complete recovery from cerebral edema, moderate reduction in the infarct volume, and deficits of the neurologic score. The different outcome between morphology and neuronal function has been reported previously. Impaired synaptic transmission was persistent 24 h after reperfusion following 1 h of ischemia (39) , and transient occlusion of the middle cerebral artery blocked synaptic transmission 24 h after recirculation in neurons that survived ischemia (40) . In another study, correlation between the infarct volume and functional deficit was observed after 2 days, although no relation was found in the early stage of reperfusion (41) . These reports show that neurologic deficits last long after ischemic events even when morphologic damage is not marked.
Very recently, contradictory results have been reported in a mouse model of cerebral edema caused by surgical dissection combined with electrocautery (42) . In the study, postsurgical treatments with L-histidine and thioperamide increased blood-brain barrier breakdown on Evans blue analysis and aggravated cerebral edema. The discrepancy may be explained by different mechanisms for brain edema between traumatic brain injury and cerebral ischemia. Because blood-brain barrier breakdown is marked in traumatic brain injury, an increase in the histamine level facilitates the permeability of the blood-brain barrier. On the other hand, since inflammatory cell infiltration after ischemic events is a major factor in cerebral edema, an increase in the extravascular concentration of histamine may reduce cerebral edema by suppressing cell-mediated cytotoxicity.
In the present study, the blood percentage of polymorphonuclear leukocytes increased and that of mononuclear leukocytes decreased in animals treated with Lhistidine and thioperamide 4 h after reperfusion. This may be caused by suppression of leukocyte infiltration into the brain tissue, since the concurrent administration markedly reduced the number of neutrophils in the ischemic hemisphere (17) . Suppression of inflammatory cell infiltration may have prevented the decrease in polymorphonuclear leukocytes in the peripheral blood.
In the L-histidine plus thioperamide-injected group, the number of red blood cells, hemoglobin, hematocrit, and the number of platelets increased 1 h after reperfusion, suggesting hemoconcentration due to dehydration in thioperamide-treated animals. In a study, in which drinking was elicited by either overnight dehydration or intracerebroventricular administration of angiotensin-II, thioperamide attenuated the drinking behavior in a manner independent of the modulation of histaminergic tone (43) . These findings on the effect of thioperamide well explain the results found in the present study.
An observed change in the serum concentrations of proinflammatory cytokines was an increase in the IL-10 level by the concurrent treatment after 4 h. Gene transfer of IL-10 after induction of brain ischemia has been shown to reduce both leukocyte infiltration and brain infarction (44) . In a human study, the concentration of IL-10 has been found to be low in patients with neurological worsening within the first 48 h after stroke onset (45) . These reports imply that potentiation of the IL-10 level depresses the development of reperfusion injury. Because IL-10 functions to downregulate macrophage activation, the preservation of the IL-10 level by the treatment may suppress leukocyte infiltration after reperfusion.
Diuretics, such as glycerol and mannitol, are usually applied to patients with brain edema following cerebral ischemia, bleeding, and traumatic brain injury. Besides drug therapy, hypothermia with systemic cooling at recirculation after ischemia strongly attenuates cerebral edema. However, adverse effects, such as infection, bleeding tendency, and arrhythmia, are problematic. On the other hand, our study demonstrated complete reduction in brain edema. Although none of the histamine H 3 ligands has yet emerged as a therapeutic agent, the present study may provide theoretical support for the therapeutic use of histamine H 3 -receptor antagonists for cerebral edema.
